This article describes a simple and rapid cell patterning method to form co-culture microarrays in commercially available Transwells. A thin poly(dimethylsiloxane) (PDMS) layer is printed on the underside of a Transwell using a PDMS stamp. Arbitrary cellular patterns are generated according to the geometric features of the thin PDMS layer through hydrodynamic forces that guide cells onto the membrane only over the PDMS-uncoated regions. Micropatterns of surface-adhered cells (we refer to this as two-dimensional) or non-surface-adhered clusters of cells (we refer to this as three-dimensional) can be generated depending on the surface treatment of the filter membrane. Additionally, co-cultures can be established by introducing different types of cells on the membrane or in the bottom chamber of the Transwell. We show that this co-culture method can evaluate mouse embryonic stem (mES) cell differentiation based on heterogeneous cell-cell interactions. Co-culture of mES cells and HepG2 cells decreased SOX17 expression of mES cells, and direct cell-cell contact further decreased SOX17 expression, indicating that co-culture with HepG2 cells inhibits endoderm differentiation through soluble factors and cell-cell contact. This method is simple and user-friendly and should be broadly useful to study cell shapes and cell-cell interactions.
Introduction

M
icropatterning of multiple cell types in defined spatial patterns allows studies to evaluate effects of heterocellular interactions as well as facilitate engineering of tissue constructs and integration of cells into microdevices. [1] [2] [3] [4] [5] [6] Geometric features of cells and cell aggregates play important roles in regulating various cell behaviors, including cell growth, 1 differentiation, 1, 5, 7 polarity, 8, 9 and migration. 10, 11 Despite its biological importance, multiple cell type coculture patterning systems are not as commonly used at least in part because of the often tedious device fabrication and cell patterning steps required. Here we describe a simple and rapid cell micropatterning method that can form co-culture cell arrays using commercially available Transwells with minimal fabrication and patterning steps. In addition to the accessibility of the procedure, cellular patterning on Transwells has a useful feature that nutrient and stimulation can be applied from the basal side, which is crucial for biological response of some cell types. [12] [13] [14] [15] We first explore the utility of the device to perform singlecell-type patterning and then demonstrate micropatterned co-cultures in (i) side-by-side patterning mode and (ii) aboveand-below mode, where one type of cell is micropatterned on the upper side of the Tranwell membrane and the second cell type is cultured on the floor of the lower compartment of the Transwell. Biological effects of this heterocellular co-culture micropatterning system are shown by evaluating mouse embryonic stem (mES) cell differentiation based on different types of cell-cell interactions provided by the different modes of co-culture. The mES cells showed lower expression of SOX17 when they were co-cultured with HepG2 cells in the above-and-below mode compared with culture of mES cells alone. Even further decrease in SOX17 expression was observed upon co-culture with direct cell-cell contact using the side-by-side co-culture mode. These results suggest that HepG2 cells inhibit endoderm differentiation through soluble factors and perhaps also by direct cell-cell contact. This research also demonstrates the versatility of this Transwellbased micropatterned co-culture technology.
Experimental
Cell culture
Monkey kidney fibroblast cells (COS7 cell line; ATCC), human hepatocarcinoma cells (HepG2 cell line; ATCC), and human epithelial carcinoma cells 16 (H9 cell line) were cultured in Dulbecco's modified Eagle's medium (11965; Invitrogen) containing 10% v/v fetal bovine serum (10082; Gibco), 100 U/mL penicillin, and 100 U/mL streptomycin. mES cells stably transfected with SOX17-enhanced green fluorescent protein (EGFP) (D3 cell line; provided by Dr. SJ Morrison, University of Michigan) were cultured in the complete medium containing Dulbecco's modified Eagle's medium comprising 15% v/v fetal bovine serum, 0.1 mM 2-mercaptoethanol, 0.02% v/v sodium pyruvate, 1% v/v nonessential amino acids, 100 U/mL penicillin, 100 U/mL streptomycin, and 1000 U/mL ESGRO, which contains leukemia inhibitory factor in a humidified incubator. When mES cells were introduced to differentiate, mES cells were co-cultured with HepG2 cells in the complete medium without leukemia inhibitory factor. Cells were stained with 1.5 mM CellTracker red CMTPX (Invitrogen), 10 mM CellTracker green CMFDA (Invitrogen), or 1 mM Calcein-AM (Invitrogen) for 1 h.
Fabrication of cell arrays on Transwell
The stamps were fabricated from poly(dimethylsiloxane) (PDMS) formed from prepolymer (Sylgard 184; Dow Corning) at a ratio of 1:10 base to curing agent using a soft lithography method. The relief features of the mold (50 mm in height) were composed of SU-8 (Microchem) patterns formed on a silicon wafer. A mixture of toluene and PDMS prepolymer with a volume ration of 3:2 was spin-coated (1500 rpm for 60 s) onto a glass slide to cover the slide with a thin layer of uncured PDMS (*5 mm). 17, 18 A PDMS stamp was placed onto the coated glass slide for 5 s to transfer the uncured PDMS onto the surface of the stamp (see Fig. 1A ). The coated stamp was put on a membrane of Transwell for a few seconds and peeled off to transfer the uncured PDMS pattern onto the membrane. The Transwell inserts were put into an oven at 608C for 2 h to cure liquid PDMS. Before cell seeding, Transwell inserts were treated with Fibronectin solution (Invitrogen) at a concentration of 100 mg/mL in phosphate-buffered saline for 1 h or 1% solution of Pluronic F108 (BASF) for 1 h.
Evaluation of mES cell differentiation
mES cell aggregates were imaged by fluorescence microscopy after 7 days in culture. Image analysis was carried out using MetaMorph software (Universal Imaging) to evaluate relative EGFP intensity of mES cell aggregates. Eighty cell aggregates in 5 wells were used to analyze EGFP expression. Obtained data were represented as mean AE standard deviation. The data were analyzed by analysis of variance followed by post hoc Tukey's multiple comparison test at a 99% confidence interval. Figure 1A shows a schematic illustration of the fabrication procedure of a patterned cell array. A thin layer of uncured PDMS 17, 18 is transferred onto the bottom of a Transwell membrane using a PDMS stamp having desired geometric features. Figure 1B shows actual images of the PDMS stamp, the Transwell membrane, and the Transwell. The black squares on the Transwell membrane are PDMS-uncoated regions. The PDMS pattern on the membrane is in good agreement with the PDMS stamp geometry. 
Results and Discussion
Formation of cell arrays on Transwell
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after seeding because of hydrodynamically guided cell settling onto the non-PDMS-coated regions of the membrane. Here, the liquid level in the Transwell is maintained higher than the outside reservoir inducing gravity-driven flow of liquid through the Transwell membrane guiding sedimentation. Further, although the entire membrane was treated with Pluronic, cells were able to adhere somewhat on the membrane regions not stamped with PDMS, indicating that Pluronic is adsorbed primarily on PDMS, and less so on the hydrophilic polyester membrane itself. COS7 cells kept their pattern for 7 days and formed three-dimensional (3D) aggregates while maintaining their viability. Figure 2B shows time-lapse images of an array of mES cells stably transfected with SOX17-EGFP. mES cells formed 3D aggregates and their SOX17 expression increased, indicating that mES cells were gradually differentiating. Cells can be controlled to organize into arbitrary geometries. Figure 3 shows images of various cell patterns formed after seeding. Sizes and shapes of cell patterns are in good agreement with the PDMS stamp geometry. As seen in Figure 3C , single-cell patterning is also possible when the size of squares is around 50 mm.
Co-culture cell arrays on Transwell Figure 4 shows images of cellular patterning on membranes treated with (A, B) or without fibronectin (C, D). COS7 cells were labeled with CellTracker green. We note that cell adhesion occurs in patterns according to the PDMS features stamped on the membranes regardless of whether we uniformly apply a cell-adhesive fibronectin coating. This further indicates that the initial patterning is mainly hydrodynamic rather than based on differences in surface adhesiveness. Fluid flows from the insert through the membrane into the bottom chamber; thus, flow hydrodynamically focuses cells onto the PDMS-uncoated region of the membrane.
COS7 cells patterned hydrodynamically on uniformly fibronectin-coated membrane immediately started to spread out beyond their initial pattern to fully cover the membrane by day 4 (Fig. 4A) . On the other hand, COS7 cells patterned hydrodynamically on the membrane without fibronectin treatment kept their patterns for several days and started to spread out beyond their initial patterns later, on day 4, suggesting that COS7 cells start to adhere on PDMS regions after 3 days in culture (most likely promoted by protein absorption onto the PDMS 19 ) (Fig. 4C) . A key point to realize is that there are two factors that direct cell patterning. (1) Hydrodynamic patterning of initial cell positions. Here, the entire surface can be equally cell adhesive (fibronectin coated); yet, cells attachment will be patterned because where cells are seeded is patterned. (2) Surface chemistry-mediated cell patterning. Here, different parts of the surface have different ability to support cell adhesion. Thus, even if the cell seeding is uniform, attachment of cells will be patterned. (3) We can use a combination of hydrodynamic and surface-mediated effects to pattern cells. We conducted co-cultures on membranes with or without fibronectin using COS7 cells and HepG2 cells labeled with CellTracker red. Hepatocytes and fibroblasts are often used as a co-culture model because cocultures help maintaining hepatic functions. Therefore, we used hepatic cancer cell line HepG2 and fibroblast cell line COS7 to demonstrate control of co-cultures. In the case of fibronectin-treated membranes, COS7 cells were introduced 1 day after patterning HepG2 cells. As seen in Figure 4B , HepG2 cells were on PDMS-uncoated square regions and COS7 cells adhered on PDMS-coated regions. The HepG2 cells were attached and spread on the membrane, thus presenting a twodimensional (2D) mode of growth. In the case of nontreatment with fibronectin, COS7 cells were introduced 3 days after patterning HepG2 cells. As seen in Figure 4D , COS7 cells can still adhere and spread out on the PDMS-coated regions in a 2D growth mode, whereas HepG2 cells remain confined to 
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PDMS-uncoated regions in a 3D cell aggregate mode. The combined use of hydrodynamic patterning together with different surface treatments and adhesive protein coatings provides versatility in co-culture patterning capabilities that should be applicable to a broad range of cell types.
Local stimulation of a cell sheet
Our system also can apply local chemical stimulation to cells on the membrane from the basal side. Figure 5 shows optical and fluorescent images after local exposure of fluorescent dye. H9 cells were cultured on a membrane treated with fibronectin with minimization of hydrodynamic patterning by maintaining equal levels of liquid inside the Transwell as well as in the outside reservoir, so as to fully cover the surface of the membrane. Cell Tracker green was introduced into the bottom chamber of the Transwell and incubated for 10 min. Culture medium in the bottom chamber was replaced by phosphate-buffered saline before taking images. Cells were clearly stained only on the PDMSuncoated regions. The size of stained cells was in good agreement with patterns produced by PDMS stamping. Thus, this system can be utilized for localized biochemical stimulation of cells from their basal side. This local stimulation should be useful for applications such as study of cellcell communication in cellular networks. 20 
Evaluation of mES cellular differentiation in co-cultures
We applied this micropatterned Transwell system to evaluate ES cell differentiation based on different modes of heterocellular interactions: either with or without direct cellcell contact. mES cells stably transfected with SOX17-EGFP were patterned hydrodynamically on a membrane without any surface treatment as an array and cultured for 3 days to form cell aggregates. HepG2 cells were introduced either onto the top side of the Transwell membrane (side-by-side mode with contact) or into a bottom chamber (above-and-below mode without contact), and they were co-cultured for 4 days (see Fig. 6A ). SOX17 expression of mES cells was quantified by intensity of EGFP. The graph shows that co-culture with HepG2 cells decreased SOX17 expression in mES cells and that direct cell-cell contact decreased SOX17 expression even further. These results suggest that HepG2 cells inhibit endoderm differentiation of mES cells through soluble factors and that co-culturing with cell-cell contact further inhibits this process mostly likely by increasing concentrations of key secreted factors, likely also through direct contact effects, and likely by reducing cell proliferation rate of mES cells through HepG2 cell expressing Glypican-3. 21 This corresponds to previous reports that a HepG2 cell-conditioned medium induces mesoderm formation and reduces formation of other lineages.
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Conclusion
A variety of recent work highlight the importance of controlling 2D and 3D size and shape of cellular niches to guide cell fate. [24] [25] [26] [27] [28] [29] [30] [31] [32] For example, microwell systems have been utilized for ES cell studies to control the formation of ES cellular aggregates because the size of aggregates regulates ES cellular differentiation. [33] [34] [35] Here, we present a simple and rapid cell patterning method to provide versatile control over the geometry of cellular niches formed using readily available Transwells. Depending on the type of surface treatment performed on the PDMS-stamped filter membrane, region-selectively sieved cells form micropatterns of cells that are firmly adhered and spread in 2D or just loosely attached and growing as 3D clusters of cells. Another important regulator of cellular niches is the type and geometry of heterocellular interactions. 5, [36] [37] [38] The patterned filter membrane of the Transwell, which allows convective flow of fluid to hydrodynamically guide cells during the initial cell seeding stage, also provides a means of diffusive chemical communication between cells in the upper and lower chambers during subsequent co-culture studies. A second cell type could alternatively be seeded on an existing pattern of cells in the upper chamber to form side-by-side co-cultures with direct contact between the different cell types. We demonstrated the usefulness of these capabilities by modulating mES cell differentiation. The methods are simple, userfriendly, and versatile and are envisioned to be broadly useful for engineering cellular niches comprised of various shapes, sizes, and heterocellular interactions.
